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tRNA genes occur in the yeast genome as highly dispersed and independent transcriptional units. The
5'-tRNAArg-tRNAAP-3' gene tandem, separated by a 10-base-pair spacer sequence, thus represents a rare case
of tight clustering. Previous in vitro studies did not reveal any primary transcript from the tRNA"P gene, but
rather a dimeric precursor containing both gene sequences plus spacer, which undergoes a series of maturation
steps. This seems anomalous since the tRNAASP gene contains the sequences necessary for its own transcription.
We found that site-directed mutation of the highly conserved C at position 56 to a G in the tRNAArg gene
suppresses all transcription and does not activate the tRNAASP gene. Precise deletion of the entire tRNAArg gene
gives a similar result. Rescue of tRNAASP gene transcription is effected either by the precise deletion of both the
tRNAArg gene and spacer or by the precise deletion of this gene with concomitant introduction of an artificial
RNA polymerase III start site in the spacer. This artificial start site is ineffective if the tRNAArg gene is present
upstream.
Eucaryotic tRNA genes are transcribed by RNA polymer-
ase III (Pol III) (for a review, see reference 2). The recog-
nition elements that specify transcription of tRNA genes
have been shown to reside within the structural gene,
although it has been shown that sequences upstream and
downstream of the gene can play a role (4, 5, 15, 25). There
are two internal control regions (ICRs) of highly conserved
primary sequence which define the intragenic promoter of
tRNA genes (3, 8, 10, 24): the 5' ICR, or A-block, which
maps to the dihydrouridine loop, and the 3' ICR, or B-block,
which maps to the TqCG loop. It would seem to follow that
all of the tRNA genes should be transcribed as
monocistronic transcripts since all tRNA genes contain
these conserved sequences. This is generally the case. In
Saccharomyces cerevisiae, for example, there are about 350
tRNA genes, and very few of these are clustered (9). There
are, however, several sets of tRNAArg_tRNAAsP pairs in S.
cerevisiae (22), and in Schizosaccharomyces pombe there is
a tRNAser-tRNAMet pair (17). In both cases, the two tRNAs
are transcribed together to give a dimeric tRNA precursor.
Thus, only one of the tRNA genes is normally recognized by
the transcription apparatus, and this gene serves as the
promoter for the other. To determine which of the genes
serves as promoter, we carried out a transcriptional study of
the tRNAArg-tRNAAsP pair using an in vitro system derived
from a nuclear extract of S. cerevisiae (6, C. S. Parker and J.
Topol, unpublished data). We found that linear DNA frag-
ments resulting from restriction endonuclease digestion of
the plasmid DNA carrying the tRNAArg-tRNAASP genes are
excellent templates for RNA synthesis. When restriction
sites in the downstream tRNAAsP gene are cleaved, the intact
tRNAArg gene is transcribed, but when the tRNAArg gene is
cleaved, there is no transcription of the intact tRNAAsP gene
(12). This experiment showed that the tRNAArg gene serves
as the promoter for the production of the dimeric transcript
and further that even when the tRNAArg gene is inactivated
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by cleavage, the tRNAAsP gene is incapable of promoting its
own transcription.
The question remains: why does the tRNAASP gene fail to
direct its own transcription? We considered three possibili-
ties. (i) The tRNAAsP ICR sequences are intrinsically weak
promoter sequences. This hypothesis seems invalidated by
the fact that not all tRNAASP genes are found as tRNAArg_
tRNAASP pairs. In fact, a monomeric tRNAASP gene has been
isolated which has a sequence identical to that found in the
tRNAArg-tRNAASP gene tandem (7). Nonetheless, this hypo-
thesis seemed worth testing since it had not been proved that
the isolated tRNAASP gene is transcriptionally active in vivo.
(ii) The binding of a transcription factor to the upstream
tRNAArg gene physically prevents recognition and binding of
the transcriptional apparatus to the downstream tRNAASP
gene. It is known that a transcription factor binds specifically
and tightly to sequences in the B-block (13). This factor
interacts strongly with about 20 base pairs (bp) in the
B-block and less tightly to sequences upstream of that. It
seems possible that binding of this factor to the upstream
tRNAArg gene could sterically prevent initiation of transcrip-
tion of the tRNAASP gene 10 to 15 bp downstream from the
binding domain.
(iii) The sequences in the 10-bp intergenic spacer or in the
tRNAArg gene or both may be inhibitory. It is known that
certain 5'-flanking sequences to tRNA genes can inhibit
transcription (4, 5), although the mechanism of inhibition is
not clear.
We used the technique of oligonucleotide-directed muta-
genesis (29) to construct precise alterations of the tRNAArg_
tRNAASP gene pair. These mutants have been used as
templates to direct the synthesis of tRNA in a homologous
Pol III system (6; Parker and Topol, unpublished data) to
determine what alterations allow for independent expression
of the tRNAASP gene.
MATERIALS AND METHODS
pJB19f DNA (1) containing the tRNAArg_tRNAAsP gene
pair and pYSUP6 DNA (11) used as a control template for in
vitro transcription experiments have been previously de-
scribed. All radioisotopes were obtained from Amersham
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FIG. 1. Organization of the tRNA"9-tRNA"P gene system. The tRNA"g and tRNAAsP genes are shown as hollow boxes, with their A-
and B-blocks as hatched regions. Neither gene contains introns. The various mutations are indicated. Each gene is 72 bp long, and the spacer
is 10 bp. Yeast flanking regions, shown as thick black lines, are 119 bp upstream of the gene tandem and 45 bp downstream of it. Altogether,
the yeast insert is 318 bp cloned into the unique SmaI site of the M13mp8 phage vector, which is indicated as broken lines.
Corp. (Arlington Heights, Ill.). Restriction endonucleases
were from Boehringer Mannheim Biochemicals (Indianapo-
lis, Ind.), while DNA polymerase I, large fragment (Klenow
fragment), T4 DNA ligase, and T4 polynucleotide kinase
were from either Bethesda Research Laboratories, Inc.
(Gaithersburg, Md.) or New England BioLabs, Inc. (Bev-
erly, Mass.). Mini- and large-scale preparations of double-
stranded, replicative-form (RF) DNA were done by the
alkaline lysis procedure of Maniatis et al. (16). Large-scale
preparation of single-stranded bacteriophage DNA was done
by the method of Yamamoto et al. (28). For DNA sequenc-
ing, single-stranded phage DNA was recovered from a
clarified culture supernatant by polyethylene gycol-NaCl
precipitation, followed by phenol extraction. Bacterial trans-
formation was done by the method of Maniatis et al. (16).
Polyacrylamide gel electrophoresis for DNA sequencing and
transcription reactions were done in 8 or 14% thin polyacryl-
amide gels containing 7.8 M urea. Dideoxy and chemical
sequencing of DNA were done by methods described previ-
ously (18, 21). Chemical DNA syntheses either were done
manually via phosphotriester chemistry (19) or were made
on an Applied Biosystems 380A DNA synthesizer
(deoxyoligonucleotides were kindly provided by S. H.
Horvath). Yeast nuclear extract used for in vitro transcrip-
tion experiments was prepared by the method of C. Parker
and J. Topol (unpublished data), as described by Engelke et
al. (6). Oligonucleotide-directed mutagenesis and in vitro Pol
III transcription were performed as previously described
(20). DNase I protection analyses (footprinting) were done
by the method of Schmitz and Galas (23) as previously
described (20), except that radioactive labeling of the DNA
fragment was done using [(x-32P]dCTP and Klenow frag-
ments instead of [.y-32P]ATP and T4 polynucleotide kinase.
RESULTS AND DISCUSSION
The organization of the tRNAArg_tRNAAsP gene system is
shown in Fig. 1. This gene system had been cloned as a
HindIII yeast fragment of about 3.8 kilobase pairs (2.5 x 106
daltons) in the plasmid pBR313 to give the recombinant
plasmid pJB19f (1). A 318-bp fragment containing the tan-
dem gene pair was produced from pJB19f by cleaving it with
HaeIII and HpaI restriction endonucleases. This fragment
was cloned into the unique SmaI site in the phage vector
M13mp8 to obtain a source of single-stranded DNA for
oligonucleotide-directed mutagenesis. The orientation of the
insert in the phage vector is such that the sequence of the
single-stranded DNA is homologous with the sequences of
tRNA rg and tRNAAsP. We refer to this recombinant phage
as M13ArgAsp. The double-stranded RF DNA isolated from
M13ArgAsp-infected cells served as the template for Pol III
transcription of the tRNAArg_tRNAAsP tandem gene pair.
The products of transcription are shown in Fig. 2 (lane 1).
The products and extent of transcription from this template
were identical to those obtained with pJB19f plasmid DNA
(lane 15), so the 318-bp fragment cloned into M13mp8
contains all of the sequences required for synthesis and
processing of the two tRNAs.
We have previously characterized the transcription and
processing products of the tRNAArg-tRNAAsP gene system in
some detail (6). The largest product, band A, is the de novo
transcript consisting of a 5' leader, tRNA , the 10-bp
intergenic spacer, tRNAASP, and a variable number of 3'
trailer residues including the terminal uridines which specify
termination of transcription by Pol III. The de novo tran-
script is processed in this extract to give the mature tRNAArg
(band D) and tRNAAsp (band C). Band B is the principal
intermediate in processing and consists of tRNAArg flanked
by the 5' leader and spacer sequences. In this extract, the
spacer sequence at the 3' end of the principal intermediate is
removed by an exonuclease.
Mutation in tRNAArg 3' ICR. In the introduction, we
suggested that binding of a transcription factor to the
tRNAArg ICRs could prevent initiation of transcription at the
tRNAASP gene. We have shown with a yeast tRNAV eU gene
that mutation of the conserved C-56 to G in the TtCG
sequence of the 3' ICR results in a 20-fold decrease in the
template activity of the tRNA Leu gene in a yeast nuclear
extract (20). Previously, it had been shown that an equiva-
lent change in the tRNA Yr SUP4 gene results in loss of
suppression in vivo and of template activity in vitro (14). The
decrease in template activity is correlated with a complete
loss of transcription factor binding to the 3' ICR of the
tRNALeu gene as judged by the footprinting assay. We
therefore decided to construct a C-56 to G mutation in the
tRNAArg 3' ICR to test the possibility that this change would
unmask the tRNAASP promoter (mutant designated
M13C56G). The mutation was constructed by oligonucleo-
tide-directed mutagenesis (29). The C-56 to G change de-
stroys a TaqI restriction site, and this could readily be seen
in restriction digests of the RF DNA (data not shown). In
addition to this evidence, the C-56 to G change was con-
firmed by dideoxy sequencing with a synthetic oligonucleo-
tide primer specific for the 3'-flanking region of the tRNAASP
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FIG. 2. In vitro transcriptional analysis of the wild-type tRNA'rg-tRNAAsp gene system and its various mutant variants. Detailed protocol
for the transcription assay is in Materials and methods. The DNA templates are indicated at the top of each lane. Lanes 8 to 13 are
mixed-template transcription controls, such that to each corresponding template in lanes 1 to 7 has been added an equal amount of pYSUP6
DNA. The SUP6 transcript has a size distinct from that of either tRNAA,g or tRNAAsP. Band A is the primary dimeric transcript containing
the two tRNAs joined together by the spacer sequence, including a 5' leader and a 3' trailer sequence. Band B is a major processing
intermediate which contains tRNAArg flanked by the 5' leader sequence and the spacer sequence. Bands C and D are the mature tRNAASP
and tRNAArg molecules, respectively. Band M is the pYSUP6 transcript.
gene. The sequences of all mutations described below were
confirmed by the same procedure.
When M13C56G RF DNA was used as the template in the
nuclear extract, it was found that the C-56 to G mutation
results in decrease in template efficiency of about 20-fold
when compared with that of M13ArgAsp (Fig. 2, lane 2).
This is similar to the effect of the same mutation in the
tRNALeu gene. To exclude the possibility that there is an
inhibitory substance in the M13C56G reaction mixture,
DNA mixing experiments were performed in which an equal
amount of pYSUP6 DNA containing the tRNATyr SUP6
gene (which contains a 14-bp intron) was added to the
reaction mixture. Transcription of this DNA produced
unspliced products which were distinct in size from the
mature tRNAArg-tRNAAsP transcripts (Fig. 2, lane 14). This
control was performed with each of the mutants, and in no
case was the transcription of the pYSUP6 gene inhibited
(Fig. 2, lanes 8 to 13).
The C-56 to G change is believed to inactivate the
tRNAArg gene transcription by preventing transcription fac-
tor binding to its 3' ICR. This has been demonstrated
directly in the tRNAArg-tRNAA,p gene system by doing
DNase I protection assays (23) on the wild-type M13ArgAsp
DNA and the C-56 to G mutant (Fig. 3). In the wild-type
M13ArgAsp DNA, a footprint (absence of bands) was
readily visible in and around the B-block of the tRNAArg
U
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FIG. 3. DNase I protection analysis of M13C56G. A 333-bp EcoRI-AccI restriction fragment labeled at the 3' end (AccI end) and carrying
the tRNAArg_tRNAASP gene tandem was subjected to the footprint assay of Schmitz and Galas (23) (see Materials and methods). Two gel
loadings were done to visualize more clearly the transcription factor-binding activity of the tRNAArg gene. The lanes headed by I constitute
the first loading; those headed by II constitute the second loading. Lanes G1 and G2 are the Maxam-Gilbert G lanes of M13ArgAsp and
M13C56G, respectively. Lanes 1, 2, and 3 are the plus-factor lanes for M13ArgAsp, and lanes 5, 6, and 7 are the corresponding ones for
M13C56G. In lanes 1 and 5, the end-labeled fragment was preincubated with 1 ,ul of transcription factor solution per reaction before DNase
I treatment; in lanes 2 and 6, 2 ,ul; and in lanes 3 and 7, 3 p1. Lanes 4 and 8 are the minus-factor control lanes for M13ArgAsp and M13C56G,
respectively, in which the transcription factor preincubation step was omitted. The positions of the tRNA'rg and tRNAASP genes, together
with their A- and B-blocks, are indicated by the adjoining diagrams.
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gene, as well as around its A-block, but no such footprints
were visible in the tRNAArg gene of the C-56 to G mutant.
There is some protection around the B-block sequence of the
tRNAASP gene of both DNAs, and a little around the A-block
sequence. These results immediately eliminate the steric
hindrance hypothesis described in the Introduction. The
C-56 to G mutation in the B-block has this same effect on
both the tRNA,eu and tRNATYr genes (14, 20). It therefore
appears that prevention of transcription factor binding to the
3' ICR of the tRNAArg gene does not unmask the tRNAASP
gene promoter, but it remains possible that the 5' ICR or
other sequences in the tRNAArg gene prevent independent
tRNAASP gene transcription.
Precise deletion of the tRNAA,g gene and the spacer se-
quence. The technique of oligonucleotide-directed mutagen-
esis can be used to produce precise deletions as well as point
mutations (27). To provide a more stringent test of the effects
of the tRNAArg gene on tRNAASP expression, we constructed
a precise deletion of the tRNAArg gene. This deletion joined
the 5'-flanking sequences of the tRNAArg gene directly to the
10-bp spacer region (Fig. 1). RF DNA (designated M13AArg)
carrying this mutation was inactive in transcription (Fig. 2,
lane 3). No detectable tRNAASP was produced. The tran-
scription products were identical to those seen when the
control M13mp8 RF DNA was used as the template (Fig. 2,
lane 16). Since a wild-type 5'-flanking region and both
tRNAASP gene ICRs were present in this inactive arrange-
ment, we considered that sequences in the spacer could be
having an inhibitory effect. To test this hypothesis, we
constructed a precise deletion of the spacer region, together
with the entire tRNAArg gene. This deletion joined the
5'-flanking sequence of the tRNAArg gene directly to the
tRNAASP gene. The RF DNA (designated M13AArgAspacer)
carrying this mutation was transcriptionally active, and the
product was tRNAAsP (Fig. 2, lane 4). This was confirmed by
elution of the tRNA product from the gel, digestion with T1
RNase, and separation and characterization of the digestion
products by two-dimensional thin-layer chromatography (26)
(data not shown). A precursor band was also seen in the
M13AArgAspacer transcription, and although we did not
characterize this product further, its size, about 10 bases
larger than tRNAAsP, is consistent with the notion that the
start site used for wild-type dimer transcription is also
utilized for the transcription of the tRNAAsP monomeric
gene. We conclude from this experiment that the tRNAASP
promoter is, as expected, transcriptionally competent. Its
activity, however, is masked when it is preceded by the
10-bp spacer sequence. This result emphasizes the impor-
tance of 5'-flanking sequences in tRNA gene transcription by
Pol III. We considered two possible explanations for the
inhibitory effects of the spacer sequence on tRNAASP tran-
scription. First, there is the ever-present "poison sequence"
hypothesis. The spacer sequence could possibly assume a
configuration which prevents initiation by Pol III or recog-
nition by the transcription factors. Alternatively, it is possi-
ble that the sequence of the spacer is inappropriate for
initiation of transcription by Pol III. Pol III transcripts in
yeasts generally begin with A. Many yeast tRNA genes
contain the sequence (Py)3CAACAAA in the 5'-flanking
region (6). Initiation occurs at an A residue about 10 bases
upstream from the mature 5' end of the tRNA. The spacer
sequence does not contain any A residue. We elected to test
the possibility that the introduction of a string of A residues
into the spacer region in M13AArg can activate transcription
of the tRNAASP gene.
Introduction of three A residues into the spacer sequence.
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FIG. 4. Evidence of utilization of the artificially introduced Pol
III start site in the M13A3AArg double mutant. Transcription of the
M13AArgAspacer and M13A3AArg mutants were run in parallel.
Overexposure of the gel (5 days at -70°C) reveals that the precur-
sors for tRNAAsP produced from both mutants have the same
electrophoretic mobility and are most probably the same size (lanes
3 and 4). It is known that transcription starts at the A residue at
position -10 in the wild-type M13ArgAsp (6). On the basis of the
relative sizes of precursor and mature transcript, we assume that
this is the same start site utilized for precursor production in the
M13AArgAspacer. Since the artificially introduced Pol III start site
is at position -10 relative to the tRNAASP gene in M13A3AArg, we
conclude that it is indeed the one being utilized.
By oligonucleotide-directed mutagenesis of M13AArg, the
spacer sequence CTTTGTTTCT was altered to AAATGT
TTCT. The RF DNA (designated M13A3AArg) was tran-
scribed, and the product was tRNAAsP (Fig. 2, lane 6). Thus,
the negative effect of the spacer can be overcome by
introduction of A residues 8 bp upstream from the 5' end of
the tRNAASP gene.
The precursor for M13A3AArg transcription was visible
upon overexposure of the gel (5 days at -70°C) and was
about 8 to 10 bp larger than the mature product (tRNAAsP) as
judged by their relative electrophoretic mobilities (Fig. 4). It
also comigrated exactly with the precursor tRNA for
M13AArgAspacer transcription. Although we did not char-
acterize this product further, these results strongly suggest
that the artificially introduced start site is functional in
M13A3AArg.
The artificial Pol III start site was also introduced into the
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FIG. 5. Summary of results. The structures of the various mutants under study are indicated. The introduction of a G residue in the B-box
of the tRNAArg gene is indicated. The artificially introduced Pol III start site is indicated as AAA. Levels of transcription in vitro are indicated
as plus signs, with wild-type level designated as + + + + and no transcription being -. These designations are all in reference to Fig. 2.
intergenic spacer of the wild-type gene tandem (mutant
designated A3Asp) and into the C-56 to G mutant (desig-
nated A3C56G). Transcription of the wild-type gene was not
affected by this alteration of the spacer sequence (Fig. 2,
lane 5). Since the spacer sequence inhibited transcription of
tRNAAsP in the AArg construct, it is possible that it is the
spacer which inhibits the transcription of tRNAASP in the
C56G construct. If so, introduction of A3 into the intergenic
spacer of C56G should activate tRNAAsP transcription. This,
however, was not the case (Fig. 2, lane 7). Apparently, the
inhibition of the tRNAAsP gene promoters in the tandem
construct is complex.
The results of this study are summarized in Fig. 5.
Independent transcription of the tRNAASP gene was
achieved by precise deletion of the tRNAArS gene together
with the 10-bp spacer. Deletion of the tRNAArg gene se-
quence by itself was not sufficient to activate transcription of
the tRNAASP gene, suggesting an inhibitory effect of the
spacer sequence. This inhibition was partially overcome by
the introduction of three A residues at the 5' edge of the
intergenic spacer. The failure, however, of this sequence to
activate transcription of tRNAAsP in the tRNAArg C-56 to G
mutant suggests that the tRNAArg sequences, as well as the
spacer region, inhibit the utilization of the tRNAAsP gene
promoters in the tandem by Pol III. Therefore, it must be the
sequence of the tRNAArg gene together with the spacer
sequence which suppresses an otherwise competent
tRNAAsP intragenic promoter.
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